Abstract A preliminary method for coding random self-similar river networks and the corresponding distance calculations are proposed in a companion paper. The coding method is applied to generate random self-similar river networks, and the corresponding algorithm for calculating the geometric distances of the links is employed to determine the width function of the river networks, and thus evaluates the adaptability of the process. The width function-based geomorphological instantaneous unit hydrograph (WF-GIUH) model is then applied to estimate the runoff of the Po-bridge watershed in northern Taiwan. The results imply that the separately random selfsimilar generating algorithm can be used to simulate river networks during the rainfall-runoff process. It can also help analyse the variations of the river network when rainfall locations change and study the influence on hydrological responses (IUH) when the shape of river network changes.
INTRODUCTION
The approach of the coding method and its corresponding geometric distance calculations, described in Part 1 (Hung & Wang, 2005b) , was developed to simulate random self-similar patterns. The aim of this paper is to demonstrate the application on natural river network simulations, using the techniques presented in Part 1.
The shape of a river network is an important hydrological characteristic of a watershed. For a long time, hydrologists have been considering the effects of geomorphology on hydrological responses, with reference to the configurations of individual river networks and the geomorphological instantaneous unit hydrograph (GIUH) model (Gupta et al., 1980) . In these geomorphological investigations, geomorphology is represented using the width function (Rinaldo et al., 1991) , which is an important tool for measuring differences between complex patterns, and represents a sufficient connection between the concept of fractals and estimates of hydrological responses. The width function is defined as the number of links that are at a distance x from the starting point.
Hence, the algorithm for calculating the geometric distance of the link in the generated pattern from the code series, investigated in Part 1, is then applied to determine the geometric width function of the river network.
Finally, a width-function based geomorphological instantaneous unit hydrograph (WF-GIUH) model is set up to evaluate the runoff from a watershed and the range of applicability of the proposed method. Three types of width functions, extracted from digital elevation models (DEM) of the study watershed, obtained from self-similar networks and determined from separately random self-similar generated networks, are applied in the WF-GIUH model to simulate the runoff. The differences between the results of the simulations using various river networks in the model are thus compared.
MODEL SET-UP

Width-function based geomorphological instantaneous unit hydrograph (WF-GIUH)
This paper uses the WF-GIUH model to represent a hydrological response. The general GIUH can be written as (Rinaldo et al., 1991; Wang & Wang, 2002; Rodriguez-Iturbe & Rinaldo, 1996) :
where W(l i ) represents the value of the standardized width function at a specific distance l i = i∆l, and ∆l represents the spatial step size of the width function. Notably, when i = N max , l i reaches the longest distance L from the source to the outlet. Besides, in this model, parameters D L and u represent the hydrodynamic dispersion coefficient and the kinematic celerity respectively, which parameters are the only two to be optimized from rainfall-runoff events. Therefore, if the W(l i ) of the river networks is substituted into equation (26) in the Part 1 paper, then the runoff response at the outlet of the watershed by a unit impulse of the rainfall can be obtained. Then, the flood hydrograph of a storm event can subsequently be obtained as the convolution integral of the rainfall and the WF-GIUH.
Study area and hydrological data
Brief description of study area The watershed of the Po-bridge in the Ching-mei River catchment located in northern Taiwan, as presented in Fig. 1 , was selected as the . Four raingauges displayed in Fig. 1 were selected to measure the rainfall, and the average rainfall of the watershed was calculated by the Thiessen method. Seven typhoon events available for the Po-bridge watershed between 1989 and 2000 were selected as the case study herein. Four of these typhoon events were used to calibrate the parameters of the model which operates with DEM river network, while the others were used to verify the model which operates with separately random self-similar river networks, as indicated in Table 1 . Model parameter calibrations The parameters in the WF-GIUH model were calibrated using the width function derived only from the DEM data. In order to enable a fair comparison, the mean values of the calibrated parameters were used in the following verifications to elucidate the effects of various river networks on hydrological responses. That is, the WF-GIUH model employs the mean values of the N ↑ calibrated parameters and is then operated using various width functions in the verification.
This work uses the shuffled complex evolution (SCE) algorithm (Duan et al., 1994) to determine the global optimum values of parameters u and D L in the model. The algorithm is not described in detail here. Table 2 lists the parameters calibrated using the DEM width function by the SCE algorithm.
The coefficient of efficiency, CE, the error of the peak discharge, EQ P (%) and the error of the time to peak discharge, ET P (in hours), are employed to evaluate the appropriateness of the application of the WF-GIUH model to the study area (see Table 3 for definitions of these factors). The CE is expected to be close to unity, and EQ P and ET P are expected to be close to zero for a good fit of the discharges. Table 3 presents the calibrated results and Fig. 2 displays the simulation of Typhoon Abe. 
The error of peak discharge, EQ p (%), is defined as:
The error of the time-to-peak, ET p , is defined as:
is average observed discharge, Q p,est is simulated peak discharge, Q p,obs is observed peak discharge, T p,est is the simulated time to peak and T p,obs is the observed time to peak. 
River networks for verification
The basic pattern of the Ching-mei River network for random self-similar generations in verification is also presented in Fig. 1 . Figure 3 details the characteristics of the basic pattern used in the verifications.
Many river networks, one extracted from DEM data, one self-similar network and some separately random self-similar networks, are used in the verifications. The corresponding results, such as width functions, GIUHs and discharge simulations are obtained to compare these river networks and determine the applicability of the method of random self-similar generation developed herein.
Separately random probabilities
The generation probabilities of the links in separately random self-similar generations are mutually independent and depend on the hydrological characteristics of the watershed. Hence, the generation probability of each link must be determined before the separately random self-similar generations. Table 4 presents the total rainfall depths of the selected raingauges of each typhoon event. The maximum probability of separately random self-similar generation must be determined first. A higher maximum probability will make the separately random self-similar generations have poor variability, and a lower value will make the generations unstable. Therefore, the maximum probability of separately random self-similar generation is set to 0.9 herein. This work uses two methods to determine the probability of generating a new selfsimilar network (generation probability) of each link in the basic pattern (Hung & Wang, 2005a) .
Generation probability of Type 1
The location of rainfall affects the shapes of the river network so the generation probability of the link associated with each typhoon event depends on the mean rainfall measured at the corresponding raingauges. Therefore, the average rainfall of the middle point of each link in the basic pattern was employed to determine the generation probability of the link. The weights for calculating average rainfall for each middle point of the links in the basic pattern are determined by:
where w(i) j represents the weight of link i to calculate the average rainfall of the middle point of the link from raingauge j, d (i) k represents the distance between the middle point of the link i and raingauge k, and r is the number of raingauges. The results are presented in Table 5 . The generation probability of the link is determined as: where Prob(i) is the generation probability of link i in the basic pattern; Rain(i) is the average rainfall of the middle point of the link i; and MaxRain is the maximum average rainfall of all middle points of the links:
where n is the number of links in the basic pattern. Table 6 (a) presents the generation probabilities of the links for each verified typhoon event.
Generation probability of Type 2 Type 1 probabilities incorporate the effect of the distribution of rainfall locations. However, overland flow also influences the shapes of river networks during the rainfall-runoff process. The overland flow downstream is more significant than that upstream in a watershed during the rainfall-runoff process. Hence, given the effect of rainfall locations on Type 1 probabilities and considering the effect of the overland flow, the Type 2 probabilities associated with the link downstream are fixed at the maximum probability (0.9).. Links 1 and 2 in Fig. 3 are classified as downstream; consequently, the corresponding Type 2 generation probabilities of links 1 and 2 are determined to be 0.9. Other generation probabilities of the links classified upstream consider only the effect of the location of rainfall and are determined in the same way as Type 1 probabilities. Table 6 (b) presents the generation probabilities of Type 2.
Number of iterations
The number of iterations in generations is determined to be six in the simulation of the river network of the Po-bridge watershed. The need for six iterations follows from the fact that six iterative self-similar generations are required to determine 46 656 links. This number is close to the 47 769 links associated with the DEM network.
VERIFIED RESULTS AND DISCUSSION
The generation probabilities of the links in separately random self-similar generations are mutually independent. They depend on the hydrological characteristics of the watershed. Table 6 (a) and (b) presents the generation probabilities of the types 1 and 2, respectively. The probabilities in Table 6 differ markedly across the links for a particular typhoon event; they also vary significantly across typhoon events. Apparently, using various generation probabilities determined from the effects of hydrological characteristics (rainfall and overland flow), the separately random self-similar generation developed herein is very flexibly applicable for simulating natural patterns. It generates river networks that are similar to real river networks during the rainfallrunoff process. Figure 4 presents widely varied standardized width functions derived from the DEM river network, the self-similar river network and some cases of separately random self-similar river networks.
In former applications, the width functions of DEM and traditional self-similar river networks are fixed as shown in Fig. 4(a) and (b) , respectively. It is impossible to change such river networks to approximate the networks of typhoon events. The separately random self-similar generation developed in this study overcomes this problem. Separately random self-similar generations yield different river networks for different operations. The width functions of the separately random self-similar river networks in Fig. 4 (c) and (d) exhibit the variation. The three width functions of the separately random self-similar river networks with Type 1 generation probability in Fig. 4(c) all differ, and those of Type 2 generation probability in Fig. 4(d and are especially different in the part close to the outlet. Because of the higher generation probability downstream of the Type 2 probability, the values of width functions close to the outlet in Fig. 4(d) are much larger than the values of the width functions close to the outlet in Fig. 4(c) . This means that the river networks generated from Type 2 probability are much denser than those generated from Type 2 probability downstream.
Denser networks downstream will cause the time-to-peak to occur earlier in the rainfall-runoff process, or enlarge the peak discharge. from DEM and traditional self-similar river networks, and GIUHs from the separately random self-similar river networks generated by Type 1 and Type 2 probabilities. The times to peak of the GIUHs of the separately random self-similar river networks generated by Type 2 probability are earlier than others in Fig. 5 , and some of these GIUHs have higher peak discharges. Figure 5 shows that the hydrological responses vary from typhoon to typhoon and are affected by the shape of river networks. This proves that the shape of the river network influences hydrological response directly. Hence, random self-similar networks with different generation probabilities exhibit distinct and various shapes. Accordingly, the diagrams of the width functions and GIUHs show that the process of separately random self-similar generation, developed herein, offers high flexibility and variability in simulating natural patterns.
Therefore, the randomness of generations in verified cases is such that this work generates five river networks for each type of generation probability in separately random self-similar generations, and determines corresponding discharge values by simulation, based on the width functions of these generated river networks for every typhoon event. The simulations are compared with those based on the width functions of DEM river networks and self-similar river network. Table 7 lists the simulated results for the verified typhoon events, based on the width functions of DEM, selfsimilar and separately random self-similar river networks. Additionally, Fig. 6 plots selected verified results for typhoon Gerald. A comparison of the CE values in Table 7   0 indicates that the results obtained from the separately random self-similar river networks with Type 1 generation probabilities are poorer, and most of the separately random self-similar river networks with Type 2 generation probabilities are the best.
Comparing the EQ p values in Table 7 shows that some results that pertain to separately random self-similar river networks with Type 2 generation probabilities are also better than those that pertain to the DEM river network and self-similar river networks. A comparison of the ET p values in Table 7 shows that the separately random self-similar river networks with Type 1 generation probabilities perform well in Typhoon Dot, and those networks with Type 2 generation probabilities are better in Typhoon Bilis. A comparison of the CE values between the results of the separately random selfsimilar river networks with generation probabilities of types 1 and 2 implies that most results obtained using Type 2 are better than those obtained using Type 1. This comparison indicates that the rainfall location is not the only factor that significantly affects the shape of the river network; simulations that consider the distribution of rainfall locations and the effect of overland flow in Type 2 probabilities are better. Overland flow shapes many river links in hydrology; however, the width functions in Fig. 4(c) all have fewer river links downstream than upstream, so the corresponding simulated river networks obtained using these width functions deviate markedly from the actual river network. Considering only the effect of the rainfall locations does not suffice to simulate a river network during rainfall-runoff process. Hence, determining the generation probabilities is very important in the simulations of separately random self-similar river networks.
Briefly, the CE value implies the overall performance of the simulation of a complete typhoon event, and EQ p and ET p values specify the particular simulation of the peak discharge during a typhoon event. Therefore, the results based on river networks generated using the separately random self-similar generations with generation probabilities of Type 2, developed herein, clearly yield not only the best overall performance, but also more accurate simulated peak discharge for verified typhoon events. The above comparisons of the CE, EQ p and ET p values imply that the networks generated using separately random self-similar generations can be regarded as being the most similar to actual natural river networks during the rainfall-runoff process when the generation probabilities are obtained by adequately considering the distribution of rainfall locations and the effect of overland flow. Overall, the separately random self-similar generations provide results in good simulations of natural river networks.
CONCLUSION
This investigation develops a general process for coding separately random self-similar networks and derives a corresponding algorithm for calculating topological distances. The algorithm successfully shows the separately random self-similar network analogous to natural river network in this paper.
The results also show that the networks generated using the proposed approach are more similar to natural river networks than other derived networks. Additionally, a comparison of the width functions of the DEM river networks, the self-similar networks and the separately random self-similar river networks reveals that the general separately random self-similar generating process proposed herein exhibits high flexibility when used to simulate natural patterns.
Several typhoon events in the Po-bridge watershed of the Ching-mei River catchment in northern Taiwan were used to calibrate and verify the WF-GIUH model. These results show that the use of separately random self-similar generations to simulate natural river networks in Taiwan is satisfactory. The effects of the distribution of rainfall locations and overland flow on river networks are also investigated. This study develops the new idea of processing complex separately random selfsimilar networks, connects the algorithm for calculating the distance to WF-GIUH, and examines the effects of hydrological characteristics on river networks. It also develops a method for identifying pattern generations to assimilate the configurations of natural river networks.
